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We demonstrate that 100% light absorption can take place in a single patterned sheet of doped
graphene. General analysis shows that a planar array of small particles with losses exhibits full absorption
under critical-coupling conditions provided the cross section of each individual particle is comparable to
the area of the lattice unit cell. Specifically, arrays of doped graphene nanodisks display full absorption
when supported on a substrate under total internal reflection and also when lying on a dielectric layer
coating a metal. Our results are relevant for infrared light detectors and sources, which can be made
tunable via electrostatic doping of graphene.
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Light absorption plays a central role in optical detectors
and photovoltaics. Inspired by nature, two different routes
have been investigated to achieve perfect absorption. (i) A
first one consists in relying on diffusion in disordered lossy
surfaces (e.g., black silver and carbon). Engineered mate-
rials have been synthesized following this solution to pro-
duce extraordinary broadband light absorption (e.g., dense
arrays of carbon nanotubes [1]). (ii) A second approach
consists in using ordered periodic structures, as found in
some nocturnal insects, where they produce the moth eye
effect [2]. This alternative has been pioneered by experi-
mental and theoretical work showing total light absorption
(TLA) in the visible using metallic gratings [3–5]. In this
context, the Salisbury screen [6,7], consisting of a thin
absorbing layer placed above a reflecting surface, has
been known to produce TLA, and it can be integrated in
thin structures using magnetic-mirror metamaterials [8].
Similar phenomena have been reported at infrared (IR) [9–
11] and microwave [12,13] frequencies, including
omnidirectional TLA [14], which has been realized by
using periodic surfaces supporting localized plasmon
excitations.
The availability of high-quality graphene as a stable
material with extraordinary (opto)electronic properties
[15–17] makes a compelling case for exploring its ability
to harvest light for potential application to optoelectronics,
with the advantage of being optically tunable via electro-
static doping [18]. However, a single sheet of homogene-
ous graphene is poorly absorbing [19] (about 2.3%
absorption), so the challenge is to transform it into a perfect
absorber, for which we can rely on its power to host
extremely confined plasmons [20,21].
In this Letter, we show that a single sheet of doped
graphene, patterned into a periodic array of nanodisks,
exhibits 100% light absorption. We first discuss the ex-
tinction cross section of graphene disks (i.e., the sum of
light absorption and elastic scattering), which can exceed
by over an order of magnitude their geometrical area [21].
These disks therefore belong to the class of absorbing
particles that can be arranged in periodic planar arrays
such that their cross section exceeds the area of the unit
cell. We further assume here that all diffracted beams are
evanescent. Under these conditions, we derive a universal
maximum absorption for any thin layer separating two
different media. In particular, TLA is predicted when the
transmission channel is suppressed, for instance, under
total internal reflection (TIR) by illumination from a prism
substrate, and also when the particles are supported on a
dielectric film on top of a thick metal [6,7]. We show that a
patterned graphene sheet displays these effects. Full ab-
sorption by an atomically thin carbon film is thus possible
by using currently available technology.
Optical response of graphene nanodisks.—Doped gra-
phene has been predicted to support strongly confined,
long-lived plasmons [20], which produce sharp IR reso-
nances in nanodisks tens of times smaller than the light
wavelength [21]. Figure 1(a) shows an example simulated
with the boundary element method [22]. We find that the
polarizability of these disks exhibits a resonance that is
well described by a Lorentzian line shape as [23]
ð!Þ ¼ 3c
3r
2!2p
1
!2p !2  i!3=!2p
; (1)
where!p is the plasmon frequency,  is its decay rate, and
r is the radiative contribution to . These fitting parame-
ters emerge from our full electromagnetic simulations of
the graphene, and they bear an intrinsic dependence on the
geometrical and electronic properties of the carbon struc-
ture. The extinction cross section ext ¼ ð4!=cÞImfg
obtained from  [Fig. 1(a), broken curve] is in good
agreement with rigorous numerical solutions of
Maxwell’s equations (solid curve). We represent the
parameters!p, , and r in Figs. 1(b) and 1(c) for different
doping levels (quantified by the Fermi energy EF) as a
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function of disk size. Here, we compute the conductivity of
graphene in the local-RPA limit [24] with an intrinsic
relaxation time  ¼ EF=ev2F, where vF  c=300 is the
Fermi velocity and  ¼ 10 000 cm2=V s is the measured
dc mobility [15] (e.g.,   1013 s for EF ¼ 0:1 eV).
Interestingly, the maximum extinction cross section
extmax  ð32=2Þr= at the resonant wavelength  can
exceed by over an order of magnitude the geometrical area,
although the disks have  r, so that they are far from
perfect two-level systems (such as an atom without inelas-
tic decay channels), for which extmax  0:482.
Universal limit to absorption by a thin layer.—In a
symmetric environment, the reflection coefficient r of a
thin material layer (much thinner than ) determines the
transmission coefficient 1 r (upper and lower signs are
for s- and p-polarized light, respectively, as required to
enforce the symmetry of the scattered field with respect to
the layer plane [25]; we use this convention from now on).
Therefore, the maximum absorption (1 jrj2  j1 rj2)
is limited to 50% (corresponding to r ¼ 1=2). This value
can be increased by considering asymmetric environments,
such as the patterned graphene sheet depicted in Fig. 2(a).
A simple analysis leads to the maximum possible ab-
sorption produced by a thin, periodically structured mate-
rial layer that is infinitesimally close to the interface
between two media of different permittivities, 1 and 2.
The reflection and transmission coefficients of this struc-
ture must read
R ¼ r0 þ ð1 r0Þ	; T ¼ t0  t0	; (2)
where r0 and t0 are the Fresnel coefficients of the bare
1j2 interface, while 	 is the self-consistent amplitude of
the wave scattered by the layer in response to both the
external field and the multiple reflections within the layer-
FIG. 2 (color online). Absorption by a layer of doped graphene nanodisks. (a) Scheme of the geometry under consideration. (b),
(c) Universal contours showing a maximum limit to the absorbance of a thin material layer sandwiched between two different media
for s and p polarization as a function of incidence angle and dielectric contrast between both media. Light is incident from the 1
medium. (d),(e) Realization of maximum absorption with arrays of graphene disks [see (a)] of diameter D ¼ 60 nm, EF ¼ 0:4 eV,
and different lattice spacings and angles of incidence (see labels). The lower-index medium has  ¼ 1 in all cases. The numerical
labels in (d) and (e) correspond to the positions of the symbols in (b) and (c).
FIG. 1 (color online). Optical response of doped graphene nanodisks. (a) Characteristic extinction cross section of a nanodisk (60 nm
in diameter and Fermi energy EF ¼ 0:4 eV), dominated by a pronounced dipolar plasmon and strong near-field enhancement. Solid
curve: Full electrodynamic calculation. Dashed curve: Fit to a Lorentzian polarizability. Inset: Near-field intensity normalized to
incident intensity for plane-wave illumination with polarization parallel to the disk (the disk is shown in perspective relative to the
plane of the plot). (b),(c) Size dependence of the maximum extinction cross section and the polarizability parameters [see Eq. (1)].
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interface cavity. The scattered field is obviously symmetric
for a layer of thickness , and it contributes to Eq. (2)
with direct (	) and interface-reflected ( r0	) compo-
nents, as well as the corresponding transmission ( t0	).
The absorbance A ¼ 1 jRj2  ReffgjTj2, obtained
from the integral of the Poynting vector over planes far
from the structure, is thus an analytical function of the
complex variable 	, and its maximum admits the closed-
form expressions [25]
A s;max ¼ 11þ Reffg (3)
and
A p;max ¼ 1 Reffg
Reffg þ ð1=2Þjfj2
(4)
for s and p polarizations, respectively, where f ¼
ð2=1  sin2
Þ1=2= cos
 and 
 is the angle of incidence
from medium 1. The dependence of the universal maxi-
mum absorption on 
 and 2=1 predicted by Eqs. (3) and
(4) is shown in Figs. 2(b) and 2(c). Interestingly, it becomes
100% under TIR from the high-index medium (i.e., for
1sin
2
 > 2, leading to Reffg ¼ 0), indicating that it is
possible to simply suppress the reflection when transmis-
sion is already prevented by TIR.
Absorption in particle and disk arrays.—The universal
maximum is just an upper limit to the absorption, but its
derivation does not provide any clue on how to structure
the material to reach such a limit, or whether it is at all
possible to obtain it. However, a systematic inspection of
graphene nanodisk arrays reveals that the universal limit is
indeed reached by engineering the disk size, doping, and
spacing. We show several examples in Figs. 2(d) and 2(e),
computed from a layer-multiple-scattering method [26], in
which the disks are described through their multipolar
polarizability obtained from the boundary element method
(solid curves; see Ref. [25]).
We can gain further insight into thin-layer absorption by
describing each graphene nanodisk (or any other particle)
through the polarizability [Eq. (1)]. For arrays of small
period a compared to the wavelength, the reflection coef-
ficient of the layer reduces to [25,27]
r ¼ iS
1 G ; (5)
where G is a lattice sum whose imaginary part is exactly
given by ImfGg ¼ S 2ð!=cÞ3=3, whereas its real part
reduces to RefGg  g=a3 for  a, with g ¼ 5:52 (g ¼
4:52) for hexagonal (square) arrays. Here, S ¼
2!=cA cos
 (S ¼ 2! cos
=cA) for s-polarized
(p-polarized) light, and A is the unit-cell area. Equa-
tion (5), together with Eq. (1), permits obtaining the trans-
mission and reflection coefficients of the combined
array-interface system analytically [they are simply given
by Eq. (2) with 	 ¼ rð1 r0Þ=ð1 r0rÞ [25]], leading to
the dashed curves of Figs. 2(d) and 2(e), in excellent
agreement with full simulations.
In the symmetric configuration (1 ¼ 2), by combining
Eqs. (1) and (5) and noticing that  r, the maximum
absorption (i.e., 50%, corresponding to r ¼ 1=2) is
obtained at a frequency !  !p  3gr=4ð!pa=cÞ3
(slightly redshifted with respect to the single-disk reso-
nance !p), under the condition  ¼ 1=2, where we define
the parameter
 ¼ A
extmax

cos
; s polarization;
cos1
; p polarization: (6)
This condition can be fulfilled by adjusting the spacing
between disks, provided extmax is sufficiently large com-
pared to the disk area. For asymmetric environments
(1  2), the analysis becomes more involved, but similar
redshifts are obtained for large enough extmax.
The robustness of TLA under TIR is explored in Fig. 3,
where the peak absorbance is represented as a function of
incidence angle for various values of the lattice spacing a,
using the same disks in all cases [see parameters in
Fig. 3(b)]. Nearly TLA is observed within the 20–45
range of incidence angles under critical-coupling
conditions [14].
Omnidirectional total light absorption.—The above pre-
diction of TLA under TIR can be generalized to systems in
which the transmission channel is suppressed [6,7]. In
particular, we consider a graphene array placed above a
metallic substrate. The graphene plasmons disappear close
FIG. 3 (color online). Angular dependence of the peak absorb-
ance for s (a) and p (b) polarization in arrays of graphene
nanodisks [see Fig. 2(a)]. Each curve represents a fixed sample
with parameters as shown by labels.
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to a metal, but this problem is solved by introducing
an intermediate dielectric coating layer [see the inset in
Fig. 4(a)]. In this configuration, the metal can naturally act
as a back-gate element to dope the graphene. It is easy to
see that reflection is canceled when the substrate (i.e.,
metal plus coating) reflection coefficient is r0 ¼ r=ð1
2rÞ [25]. The coating-layer thickness d can be adjusted to
match the required phase in this expression, and the
condition is simply stated as 1=jr0j ¼ j2 1=rj  1,
where the equality applies to nonabsorbing substrates
(e.g., a dielectric under TIR or noble metals in the IR).
Figure 4(b) shows TLA under this scheme for properly
adjusted values of a and d. Obviously, the phase-matching
condition is periodically satisfied along the d axis.
Interestingly, the incidence-angle and polarization depen-
dence of the absorption is very weak [Figs. 4(c) and 4(d)],
pointing at the possibility of omnidirectional absorption.
To understand this, we combine Eqs. (1) and (5) together
with the relation j2 1=rj ¼ 1 (i.e., the condition of no re-
flection for jr0j ¼ 1), from which we find two frequencies
for TLA: ! ¼ !p  3gr=4ð!pa=cÞ3  ð=2Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1=  1p ,
under the condition  < 1; only the right-most term de-
pends on polarization and angle of incidence (through ),
so total absorption can be made omnidirectional when the
second term in the resonant ! dominates [i.e., for
ð!a=cÞ3  r=], provided extmax is of the order of A.
Concluding remarks.—Planar textured materials can
produce large light absorption, which reaches 100%
when the transmission channel is suppressed. We predict
that this effect takes place by using a single sheet of doped
patterned graphene either under TIR or when the carbon
layer is deposited on dielectric-coated metal. The absorbed
energy is generally dissipated into phonons and electron-
hole (e-h) pairs, which eventually thermalize the structure
to be either reemitted as thermal radiation or dissipated
through heat diffusion. An interesting question is posed
by the energy balance between absorption and emission
in these resonant structures if they are made thermally
isolated, with a view to converting incident light of a
certain frequency into emission at another resonant fre-
quency. In a different direction, thermally heated samples
can be useful as narrow-band IR sources in virtue of
Kirchhoff’s law, whereby emission at selected wavelengths
determined via electrostatic doping takes place by heating
the structure.
We also note that full absorption in graphene opens
interesting possibilities to boost the efficiency of terahertz
and IR detection (e.g., via e-h separation [28], thermo-
electric reading [29,30], etc.). This type of detector can
inherit the electrical tunability of graphene, to be used for
direct, efficient spectral analysis of IR light with relative
spectral resolution 	. Specifically, we think of a battery
of perfectly absorbing graphene arrays operating at differ-
ent wavelengths and covering a wide spectral region, so
that optical or thermoelectric reading of each array pro-
vides the intensity of each spectral channel. On a more
speculative direction, e-h separation in graphene [29] may
potentially be employed to convert light into electrical
power. The tunability of graphene can be used to absorb
the full IR spectrum for application to solar cells by first
spectrally separating the incident light and subsequently
absorbing it at different resonant graphene structures.
It should be mentioned that the configuration of doped
nanodisks presents a challenge. Besides the possibility of
having narrow graphene bridges electrically connecting
them to achieve electrostatic doping, which might damage
the optical performance, there are other alternatives, such
as decorating the structure with bridges made of a trans-
parent, conductive material. Chemical doping is another
option, which can be useful for sensing changes in the
surrounding fluid. Besides, further work on ribbon arrays
with similar structure is in progress, also leading to TLA,
and allowing conductive contacts to be placed far from the
bulk of the structure for long ribbons. Finally, we predict
perfect absorption in planar particle arrays under the con-
dition that the absorption cross section of an individual
particle is comparable to the area of the unit cell. This
condition is actually fulfilled by many nonideal two-level
FIG. 4 (color online). Total absorption with graphene on a coated metallic substrate. (a) Normal-incidence absorbance by graphene
disk arrays supported on a dielectric-coated gold surface (see the inset) for various values of the dielectric film thickness (dielectric ¼
2:1, Au from Ref. [32]). (b) Peak absorbance as a function of dielectric thickness d and lattice spacing a for the same disks as in (a).
(c),(d) Incidence-angle and photon-energy dependence of the absorbance under the conditions of (a) for d ¼ 1:12 m.
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atoms or molecules. Our results could be tested with
optically trapped atomic arrays, although graphene nano-
disks are more convenient because they provide a practical
implementation that is stable under ambient conditions.
Noble-metal nanoparticle arrays can also exhibit similar
effects in the near IR, with their spacing controlled through
dielectric coating [31].
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